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Introduction
The results of the Programme for International Student Assessment (PISA 2000) (OECD 2001) resulted in a heavy debate on the determinants of the students' performance especially within countries showing a relative poor performance (e.g. Fertig 2003) . But it has also renewed the interest in the linkage of human capital and economic growth (The Economist 2002) .
Theoretically, seminal papers establishing the positive relationship between human capital and growth are Mankiw et al. (1992) as well as Lucas (1988) . Empirically, Romer (1989) was among the first to run ad-hoc cross-country regressions with the growth rate of GDP as the dependent variable and incorporating a human capital proxy variable as one of the regressors. He found that adult literacy is positively associated with economic growth. Since then a large body of literature has investigated various education-related determinants of economic growth. Pinning down a robust relationship between variables measuring human capital and economic growth, however, turned out to be a rather difficult endeavor (Krueger/Lindahl 2001 , De la Fuente/Domenech 2002 . Often, educational variables are insignificant or even display a negative association with growth.
This rather counterintuitive result could be due to methodological problems typical for empirical growth studies. The first is the likely endogeneity of the regressors in growth regressions stemming e.g. from the positive "education demand effect" of higher income (Mankiw 1997) . In principle, this problem can be solved by instrumental variables estimation. The second problem is the lack of independence of education from other sources of growth. If, for instance, education is fostered together with other policy measures enhancing growth, this results in an omitted variable bias. Finally the data quality is often a matter of concern as data on educational stocks is too a larger extent subject to measurement error (De la Fuente/Domenech 2002).
This paper analyzes the impact of the human capital stock as well as its rate of accumulation on economic growth. Previous studies have concentrated on the influence of either the educational stock or its accumulation. Since theoretically both variables are related to economic growth, it seems counterintuitive to exclude one or another from the analysis. In Lucas (1988) human capital is labor-augmenting and characterized by constant returns to scale which entails self-sustained growth driven by human capital accumulation.
Yet, in Romer (1989) , the steady state growth rate depends additionally on the human capital stock. In his model, the skills of the workforce are the key determinant for the generation of new ideas. Furthermore the study focuses on OECD countries for three reasons. Firstly the data quality for developing countries seems to be less reliable as the non-market sector is presumably larger (Schneider/Enste 2000) . Secondly, even if one accepts this drawback, it might be inappropriate to draw conclusions for industrialized countries out of samples dominated by developing countries (Temple 2001, p. 73) . Thirdly, providing reliable evidence for OECD countries proves to be a serious empirical challenge in itself. Previous studies confined to the OECD deliver conflicting results. Krueger and Lindahl (2001, p. 1130 ) split their large cross-country sample and note that the educational stock is only positively associated with economic growth if the initial endowment with education was relatively low. In fact, their regression for OECD countries, where the educational level is relatively high, 1 supports a negative impact of education on economic growth. In contrast, OECD (2003) finds a significant positive relationship between the human capital stock and economic growth applying a dynamic panel approach.
However both results could be affected by econometric pitfalls. Whereas the former do not adequately account for further determinants of economic growth, the Pooled Mean Group approach of OECD (2003) is very sensitive to the modeling of short run dynamics to capture business cycle effects (Temple 1999, p. 132) . In addition this method is plagued by data problems, since one has to interpolate the available data to obtain annual values, especially in the case of human capital variables. In this paper, a fixed-effects estimator is applied to accommodate omitted variables that are constant over time, as was first done in a growth regression context by Islam (1995) . Furthermore, to meet concerns of the possible endogeneity of the independent variables, the results are further tested by an instrumental variables (IV) approach.
The remainder of the paper is organized as follows. The next section provides an overview on the theoretical relationship between human capital and economic growth and the available empirical evidence. Section 3 describes our own empirical analysis of education and growth in the OECD countries. Section 4 discusses the empirical results, and section 5 offers some conclusions.
Human capital and economic growth -theory and empirical evidence
The different schools of economic growth theory provide diverse answers on the question how the per capita growth rate of GDP depends on human capital or whether there is any relationship at all. Mankiw et al. (1992) present a human capital-augmented Solow model in which human capital serves as an ordinary production factor: it appreciates at the same rate as physical capital and is produced by the same technology. Due to diminishing returns to scale, as in the original Solow model, an increase in the time devoted to human capital accumulation has only a transitory effect on the growth rate which converges to its steady state level afterwards. In particular, the model takes the form:
Herein, Y denotes output, K capital, H the stock of human capital, A the technology level and L labor. Because of diminishing returns to scale a + /} < 1. In contrast to the neoclassical growth theory in which long run growth is exogenously determined by technological change, the so-called new growth theory (Romer 1986) explains the level of growth within the model. In a closely related paper (Lucas 1988) human capital is labor-augmenting and characterized by constant returns to scale:
u is the part of an individual's time devoted to work, h is the human capital of the representative agent and h a the average human capital in the economy. While the latter reflects spillover-effects in the case of y ^ 0, 2 the technology level A is assumed to be constant. The decisive assumption entails constant returns to human capital production:
Herein / denotes the productivity of schooling and Aht the growth rate of human capital, which is linearly dependent on the time devoted to the acquisition of it. If the time spent by individuals to acquire human capital would rise, this would yield a permanent higher growth rate of the economy.
By contrast, steady state growth additionally depends on the human capital stock in Romer (1989) . In his model, the number of different intermediate goods Xj in the economy is dependent on the stock of knowledge A:
Hy is the human capital in the production sector, which itself is dependent on the overall stock of human capital Hy + H4 with the latter denoting human capital involved with research. The stock of knowledge evolves as AA = X H a .
Thus, a one-time increase in the stock of human capital raises the steady-state growth rate of the economy, depending on the productivity /, in contrast to the model of Lucas where it only has a level effect. The same holds for the models of Baumol (1986) and Barro (1991) in which countries with a better educated workforce find it easier to catch up to the technological leaders via imitation. Thus the level of human capital alters total factor productivity and thereby exhibits a positive impact on the growth rate of the economy. In the empirical literature the discrimination between these theories is anything but clearcut. The reason for this is the long-term character of the steady-state in the Solow model and the fact that economies seem to converge only slowly to it. Because of conditional convergence, i.e. all other things equal countries grow faster the further they are away from their steady-states, it is rather difficult to discriminate between long run and temporary growth effects on the way to the new steady state. This in turn implies that government policies or human capital accumulation affect even the rate of growth for some time. This would also be consistent with the model of Lucas (1988) as it suggests a positive linkage between the rate of human capital accumulation and economic growth. Furthermore, due to the lack of adequate data, empirical studies have so far often used flow and stock variables interchangeably (Gemmell 1996, p. 12) . School enrollment, for example, is rather a proxy for human capital accumulation than for the human capital stock but has been widely used in the context of both. This however renders a distinction between the hypotheses of the augmented Solow model, and the Lucas and Romer models impossible.
Moreover, the existing empirical studies are characterized by a change in the variables of interest. In the beginning stock variables have been incorporated into growth regressions and have turned out to be positively related to subsequent growth in cross-country approaches (see Romer 1989 , Barro/Sala-i-Martin 2004 . Yet panel data studies deliver ambiguous results. In Islam (1995) the coefficient of average schooling years is significantly negative while the study of OECD (2003) yields a positive influence of the same measure on growth. Both signs of the coefficient could be justified due to changes in the returns to schooling as an exogenous positive (negative) change in the return to schooling entails a positive (negative) coefficient on the human capital stock (Krueger/Lindahl 2001) . However, differing results for the same country group could hardly be explained. Traditional earnings functions though imply a role for the change in educational attainment (Pritchett 1996) . This induced studies confined to the analysis of accumulation effects. Yet their results, even the ones stemming solely from panel data approaches, have been rather mixed. While de la Fuente and Domenech (2000) find positive effects of the change in educational attainment using their own compiled data for OECD countries, coefficients even display negative signs (Benhabib/Spiegel 1994 , Caselli et al. 1996 in other studies.
Data description and estimation procedure
Empirical findings demonstrate that the convergence process across countries is not identical across countries but conditional on the variation in countries' steady-states (Barro/Sala-i-Martin 1991) . Therefore, neglecting the corresponding level of technology would cause omitted variable bias. A suitable way to avoid this problem is to apply a fixed-effects model (Temple 1999, p. 123) ( 1) where Aylt denotes the growth rate of per capita GDP for country / in period t. The matrix Xjt represents a vector of observable explanatory variables and e,t marks the error term, which is iid (0, aThe disturbances are assumed to be independent across countries. The dummies D; and Zt denote the country-and time-fixed effects: In the empirical application, data for 29 OECD countries (except Luxembourg) is utilized. The time period covers 36 years from 1965 to 2000 and is separated into five-year intervals to adjust for business cycle fluctuations. 4 Variables included comprise the annualized growth rate of real Gross Domestic Product (GDP) per capita as the dependent variable and GDP per capita i) and the fertility rate (/erf; m) at the beginning of the observation interval, the average investment ratio (inv{ t.\jt), the average ratio of government consumption to GDP (govi t_\it), the average ratio of exports plus imports to GDP ( tr i,t-l/t)> as we ll as the average inflation rate (pi^-i/t) between t-1 and t as regressors. From the large list of possible determinants of economic growth these have emerged as a standard set of variables (see e.g. Barro/Sala-i-Martin 2004 , Temple 1999 . The human capital variables incorporated are the average schooling years at the beginning of the interval as well as the secondary school attainment of the population aged 25 and over during the interval (hcj t_i and Ahcjt). s Thus, the following regression is estimated:
Ayit =ot + Pi logy;,,.! + P2invit + £3govit + p4trit + P5fertiM
National Accounts figures are taken from the Penn World Table, Version 6.1 (PWT) by Heston et al. (2002) . The GDP per capita at the beginning of the sample period approximates the "starting position" of the countries and is used instead of measures of the capital stock since different assumptions on depreciation rates render cross-country data hardly comparable (Barro/Sala-i-Martin 2004, p. 516) . Because of the logarithmic scaling the coefficient corresponds to the rate of conversion if the length of the observation period is negligible. 6 The investment ratio aims at approximating the impact of savings on economic growth and thus is expected to exhibit a positive effect on economic growth. Government consumption is assumed to disturb market outcomes and should therefore depress the growth rate. One further variable constructed from the PWT is the ratio of exports and imports to GDP as a measure of international openness. A higher openness signals a higher division of labor which is assumed to enhance growth.
The fertility rate stems from the Population Database of the United Nations.
7 Since a higher fertility rate contributes to population growth, it has a negative effect on the steadystate capital endowment per worker. Therefore, we would expect a negative impact on economic growth. Furthermore, the average inflation rate in the sample period is included to approximate financial stability. High inflation would distort market outcomes and should therefore attenuate growth. This variable is provided by the International Monetary Fund Financial Statistics (IFS).
The stock of human capital is approximated by the average years of schooling of the population aged 25 and over which is provided by Barro and Lee (2001) . This variable is supposed to measure the human capital stock and, therefore, corresponds to the beginning of the observation interval. As already mentioned, theory also assigns a role to the change in average schooling years for the process of economic growth why it is also included. Finally, to test the robustness of the results, a second set of specifications is estimated in which human capital is approximated by (the level and change of) secondary school attainment of the population aged 25 and over from the same source. Clearly, it would be more appropriate to include variables that measure the human capital output rather than the input, as the educational systems can differ considerably with respect to efficiency.^ Unfortunately, output variables like illiteracy rates are either not meaningful for a sample of industrialized countries^ or not available for the full country sample. One of the most challenging problems of growth studies is the likely endogeneity of the right hand side variables. This is especially true in the case of human capital variables as education may be highly income elastic and as service sector-dominated high-income economies may ask for a better educated workforce (Schultz 1986 , Sianesi/van Reenen 2003 . Even if human capital is measured at the beginning of the observation interval, the assumption of predetermination (e.g. Barro/Sala-i-Martin 2004, p. 524) may be violated. In the model of Bils and Klenow (2000) e.g. higher expected growth works like a lower interest rate attributing a higher value to future human capital levels and thus inducing higher schooling. Furthermore, measurement error in the case of human capital is likely to bias the estimation results downwards (de la Fuente/Domenéch 2000). This paper uses instrumental variable estimation to overcome this problem. However, finding a suitable instrument is anything but trivial since a variable has to meet two criteria to be a valid instrument. Firstly, it has to be correlated with the variable for which it should serve as an instrument, i.e. human capital, and secondly, it must not be correlated with the error term of the original equation. That is, conditional on the other variables included, their influence on the growth rate should exclusively operate through their impact on education. Previously proposed instrumental variables have proven to be only weakly correlated with the schooling variable. Bils and Klenow (1998) suggest using the life expectancy as an instrument as the return to schooling rises with a higher life expectancy. However, regressing average schooling years on the log of GDP per capita as well as the life expectancy (figures from the United Nations) yields insignificant results. Furthermore, the exogeneity of life expectancy is anything but guaranteed. The search for possible instruments is further limited because of the confinement to OECD countries. 10 In the following, we apply two different instruments, school enrollment ratios 11 as well as lags of the schooling variable. The former variable has been used in the past as a human capital proxy in growth regressions. Since high enrollment rates are a prerequisite for high attainment levels, this variable is related to the human capital stock. Furthermore, enrollment into higher education alone does not imply any skills relevant for the labor market. Rather, the actual level of attainment obtained by those enrolled in secondary education reflects the skills of the workforce. Thus, enrollment rates should not exhibit any other impact on economic growth rather than via obtained schooling years. Consequently, lagged (10 years) enrollment rates meet the requirements for a valid instrument. As an alternative instrument, the 5-year lag of the respective schooling variable is used. This may be appropriate as the residual of the growth regression showed no signs of serial correlation 12 although it may not be adequate in the case of unobserved heterogeneity. Because of the application of a fixed-effects estimator this unobserved heterogeneity is restricted to time-variant factors, though.
In both cases the remaining variables are instrumented by their corresponding values in t-1 (log real GDP per capita, log fertility rate) and their averages over the preceding observation interval (investment ratio, government consumption ratio, inflation rate), respectively. The trade share is perceived as the only variable being largely exogenous to economic growth 13 and, thus it is used as its own instrument. Table 1 provides some summary statistics for the variables in our sample. The OECD countries grew on average at an annual rate of 3.3 per cent over the whole sample period. The utilized variables do not display variability as large as in samples including developing countries. Nevertheless, the sample comprises a period of severe economic downturn with an annualized decline of 5.8 per cent (Slovak Republic in the first half of the 90s) as well as a period of hyperinflation (Mexico in the second half of the 80s; Czech Republic and Poland in the first half of the 90s). The accumulation of human capital (measured in 10 A possible instrument for the schooling variables would be the Gini coefficient measuring income inequality. The latter should be correlated with schooling as higher income inequality induces higher schooling. Furthermore, existing studies (Deininger/Squire 1998, Ravallion/Chen 1997) have shown that there seems to be no systematic impact of growth on inequality so that the instrument would be valid. However, even the large dataset of Deininger/Squire (1996) exhibits too few observations for the OECD country sample to render such an approach feasible.
11 That is, gross enrolment ratios for secondary education of both genders. Source: Unesco World Education Indicators.
12 For the models in Table 2 and Table 3 the null of no first order serial correlation could not be rejected at conventional significance levels applying the Wooldridge test for autocorrelation in panel data.
13 See Barro/Sala-i-Martin (2004, p. 530). In fact, the trade share seems to depend on the country size which is allowed for by the fixed-effects estimator. Notes: See Table A1 in the Appendix for a description of the variables.
average schooling years) reaches its maximum in the case of Norway in the second half of the 80s with an annualized increase in average schooling years of .49. Yet, this is an exceptional case since average schooling years of the working force on average exhibit much smaller changes over time in our sample.
Estimation results
Since coefficient estimates of variables included in growth regressions are highly sensitive to the inclusion of additional explanatory variables due to collinearity problems (Levine and Renelt 1992) it is common practice to assess the variables of interest in a reduced model first and then add variables that are also assumed to be related to economic growth. A first glance at the correlation of average schooling years and its respective change indeed indicate that care must be taken incorporating both human capital variables in a growth regression. 14 Therefore, we firstly estimate a reduced model consisting only of the GDP per capita at the beginning of the observation interval, the investment ratio and the respective human capital variable (stock or change) as explanatory variables. In the following steps we successively add the fertility rate and the ratio of government consumption. The final specification additionally contains the openness variable and the inflation rate. If one of the variables displays a counterintuitive sign, further analysis is indicated. For example, one of the other regressors could be highly correlated with this problematic variable. As already noted, the estimation has been carried out including country-and time-fixed effects.
Estimation results are reported in Table 2 . The human-capital augmented model fits the data quite well, more than 50% of the variation in the growth rate of per capita GDP is explained by the final specification. The GDP per capita at the beginning of the observation interval as well as the investment ratio display the expected signs and are highly significant throughout the estimations. The coefficient on initial GDP per capita of -0.085 to -0.092 implies that convergence occurs at a rate between 11.1% and 12.3% per year if all other variables are held constant. This is noticeably higher than in time series approaches where it is relatively stable around 2%-3% per year. An explanation for this result, which is typical for panel estimates, is their ability to accurately capture differences in institutional settings by accounting for country-fixed effects (Islam 1995) . Table A1 in the Appendix.
Beginning with the variables of interest, the human capital stock displays the expected positive impact. This would suggest that the human capital stock positively affects economic growth by increasing a country's ability to adopt new technologies as proposed by Romer (1990) . An increase in average schooling years of one standard deviation (1.90 years in 1995) raises the growth rate by 0.9% points, all other things equal. This estimate is in line with microeconomic estimates of the returns to schooling. 15 However, this result stands in contrast to previous panel data approaches where the coefficient on the human capital stock is often negative (de la Fuente and Domenech 2000, p. 1). When the change in average schooling years is included in the growth equation, it exhibits no significant impact. This result is insensitive to the specification of the growth regression, even to the omittance of fixed effects. 16 These findings thus provide arguments in favor of level effects of human capital in OECD countries. This would be consistent with education working through an alteration of total factor productivity.
The control variables display the expected signs although the significance seems to depend on the concrete specification. In a first regression, the fertility rate exhibits a negative impact on growth. A one standard deviation rise in the live births per woman (.211 in 1995) reduces growth by 0.4% points, all other things equal. Yet augmenting the equation by the trade share and the inflation rate leaves the fertility rate insignificant. The significance of the government consumption ratio seems to depend on the model specification, too. If the inflation rate as well as the trade share are added to the regression, the size of government consumption can no longer explain a significant part of the per capita growth rate of GDP. Inflation itself is significant at the 5% level and attenuates growth by 0.6% points if it rises by one standard deviation (24.4 in 1995) .
To test the robustness of the results, the schooling variables were replaced by secondary school attainment rates (Table 3 ). The investment in human capital is accordingly represented by the change in secondary school attainment. From the results in Table 3 it becomes transparent that the findings are largely robust to the change of the human capital variable. The most noticeable difference to the first model is the higher coefficient on the investment rate. The proxy for the human capital stock still shows the positive impact on economic growth although significance drops to the 10% level in the full model. A one standard deviation in secondary school attainment (.128 in 1995) raises the growth rate by 0.5% points, all other things being equal. The change in the schooling variable however is again insignificant in all specifications.
As already noted, some of the coefficients are likely to be affected by endogeneity bias. To account for this, we apply a fixed-effects instrumental variable estimator. Since the change in schooling seems to play no role for economic growth, these regressions are focusing on the level effects of the human capital proxy. In the first set of IV-estimates the human capital variables are instrumented by their respective values in t-1. The corresponding instruments for the remaining endogenous variables are values in t-1 for the variables measured at the respective beginning of the sample period (log real GDP per capita, log fertility rate) and averages over the preceding observation interval for the variables measured as ratios (investment ratio, government consumption ratio, inflation rate). The trade share enters as its own instrument. As the first stage of the IV shows 17 , the basic condition of a statistically significant correlation between the instruments and Notes: Standard errors in parentheses. ***/"/*: significant at 1%, 5% and 10% level, respectively. Regressions were estimated for 5-year changes from 1965 to 2000 including time dummies. Maximum number of countries is 29. F-test (country-fixed effects): testing the hypothesis that the country-fixed effects are jointly zero. The critical value of the F-distribution (1 % significance) is 1.85. F-test (time-dummies): testing the hypothesis that all coefficients are jointly zero. The critical value of the F-distribution (1% significance) is 2.95. For a description of variables see Table A1 in this Appendix.
the proposed endogenous regressors is met. Nearly all instruments are correlated with their regressors at the 1% significance level.
18
In the IV-approach, one of the human capital proxies, average years of schooling, no longer affects economic growth significantly whereas secondary school attainment is significant at the 5 % level (Table 4 columns (1) and (2), respectively). In the case of the latter variable the coefficient even doubles in size compared to the fixed-effects estimation. The results suggest that a one standard deviation rise in the human capital stock (.128 percent in the case of secondary school attainment in 1995) raises growth by 1.0 percentage points. In consequence, the convergence rate increases to 13.13%-14.34% whereas both the inflation rate and the share of government consumption become insignificant. The trade share still exhibits a positive impact on growth. 1960, 1965, 1970, 1975, 1980, 1985, 1990 of the log of per capita GDP and the fertility rate; averages for 1960-64, 1965-69, 1970-1974, 1975-1979, 1980-1984, 1985-1989, 1990-1994 of the investment ratio, government consumption ratio and the inflation rate; the trade share serves as its own instrument. Maximum number of countries is 27. F-test: testing the hypothesis that all country-fixed effects are jointly zero. The critical value of the F-distribution (1% significance) is 1.85. x 2 -test: testing the hypothesis that all time-dummies are jointly zero. The critical value of the x 2 -distribution (1% significance) is 16.81 (regression (1) and (2)) and 11.34 (regression 3), respectively. For the description of variables see Table A1 in the Appendix.
Thus previous OLS estimates could be partly affected by endogeneity problems as well as unobserved heterogeneity. To test the robustness of results the human capital variables are furthermore instrumented by school enrolment rates. However, since the first stage of the instrumental variables estimation displays only a weak correlation of secondary school attainment with lagged gross enrolment ratios 19 we confine ourselves to the IV estimates to average schooling years. 20 Estimation results (Table 4 , column 3) indicate that the latter does not exhibit a significant impact on economic growth, once unobserved heterogeneity is taken into account. However, one of the most stable variables so far, the investment ratio, becomes insignificant. The estimation results thereby cast doubt on the validity of the instruments.
Conclusions
The analysis of the contribution of human capital to economic growth has been inspired by the contributions of Lucas (1988) and Romer (1989) and the emergence of comparable cross-country data. Recently the question of returns to human capital investment regained interest by the publication of the results from PISA 2000. The existing literature, focusing on large country samples, generated rather mixed results. Roughly speaking the stock of human capital seems to matter for economic growth in cross-country regressions while the change in education does not. So far even the positive relationship between the human capital stock and economic growth has been questioned in panel data studies. Hence, this paper focused on the examination of human capital and growth in a smaller, more homogenous sample of OECD countries. At first glance the positive link between the human capital stock and growth seems to be confirmed in a panel data framework. In a fixed-effects model an increase in average schooling years of one standard deviation (1.90 years in 1995) raises the growth rate by 0.9% points, all other things equal. Furthermore, the results are robust to the replacement of the human capital variable and the extension of the set of explanatory variables.
From a theoretical point of view though it is not clear if economic growth is affected only by the human capital stock or supplementary by accumulation effects. In the empirical application variables covering the change in human capital, however, have proven to be not significantly related to economic growth, which confirms the findings of Benhabib and Spiegel (1994) . Finally, taking the likely endogeneity of the explanatory variables as well as possible unobserved heterogeneity into account by implementing an instrumental variables approach casts some doubts on these results. Overall the impact of the human capital level on economic growth appears to be fragile, even in the more homogenous sample of the OECD. If at all, the positive association seems to depend on the chosen human capital variable. Yet, future studies based on an improved set of comparable educational outcome measures, which is preferable, might lead to different conclusions. Besides that the explicit effect of human capital on economic growth is still under consideration (Krueger/Lindahl 2001 , p. 1112 ) as a positive relationship between the human capital stock and economic growth could either be of temporary nature (not affecting the steady-state growth rate but only steady-state income) or could only reflect changes in the returns to schooling. 
